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doi:10.1Objective: To determine the risk factors for adverse neurodevelopmental outcomes in school-age children after
full flow open-heart surgery for congenital heart disease.
Methods: The outcome was assessed in 117 children without a genetic comorbidity at a mean age of 10.4 2.5
years. Intelligence was assessed using the Raven’s Progressive Matrices and neuromotor function using the
Zurich Neuromotor Assessment. Risk factors were retrieved from detailed chart review.
Results: The mean intelligence score was 89 16, significantly lower than the norm (P<.001). Cerebral palsy
was diagnosed in 10% of patients. Poor neuromotor performance (less than p10) was present in 15% to 20% of
the children, depending on the motor task (all P<.001). Pure motor and static balance performance was also
significantly impaired when patients with cerebral palsy were excluded (P<.01). Intelligence was only related
to socioeconomic status (P ¼ .006), and neuromotor outcome was related to the length of hospital stay and
postoperative neurologic abnormalities (P<.03). The extracorporeal circulation time was related to adaptive
fine motor performance (P ¼ .05). All other variables were not related to outcome.
Conclusions:Childrenwithout a genetic comorbidity are at risk of long-term intellectual andmotor impairments
also after full-flow cardiac repair. Surgery-related parameters play a less important role for adverse outcomes
than postoperative complications. Our findings stress the importance of specialized follow-up assessments for
all children with CHD undergoing open heart surgery. (J Thorac Cardiovasc Surg 2012;144:577-83)Children undergoing open heart surgery for severe congen-
ital heart disease (CHD) are at risk of neurodevelopmental
impairments. These have been related to the surgical tech-
nique (eg, circulatory arrest).1 Thus, a variety of studies
have focused on the significance of perioperative and surgical
factors.1-3 It is of note that the risk factors could differ
depending on the treatment and bypass protocols.4,5 To
date, only 1 study has examined the neurodevelopmental
outcomes of patients who underwent solely full flow
cardiopulmonary bypass. Karl and colleagues4 demonstrated,
in a population of children undergoing surgery for transposi-
tion of the great arteries, that neurodevelopmental outcome
was impaired at 8 years of age. In addition, evidence has
shown that, independent of surgical technique, the intellectual
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The Journal of Thoracic and Cahave mostly been described for infants and patients up to
early school age.1,4,5,7 Thus, knowledge is lacking regarding
the outcomes at later school ages and in adolescence.
Furthermore, much of the data have focused on the highest
risk patients (eg, hypoplastic left heart syndrome or
transposition of the great arteries).1,4,5,7,8 It is unanswered
to what extent the knowledge on neurodevelopmental
impairments in patients with hypoplastic left heart
syndrome or transposition of the great arteries is applicable
to patients with less severe CHD. In addition, it is unclear
whether the risk factors that have been identified for early
neurodevelopmental impairments remain the same for long-
termproblems.4Furthermore, becausepatient-specific factors
such as genetic comorbidities5 or a genetic polymorphism9
have been identified as critical factors for adverse outcomes,
the risk factors for the long-termoutcomes in childrenwithout
a genetic comorbidity need to be better examined.
Therefore, the aim of our study was to describe the long-
term neurodevelopmental outcomes in a cohort of 117
Swiss children without a known or suspected genetic co-
morbidity who all underwent full-flow cardiopulmonary
bypass surgery. Furthermore, we aimed to determine the rel-
evance of risk factors for the long-term neurodevelopmental
outcomes.METHODS
Subjects
We included all children with CHD who underwent their first corrective
heart surgery with full-flow cardiopulmonary bypass at the Universityrdiovascular Surgery c Volume 144, Number 3 577
TABLE 1. Birth and cardiac characteristics of sample (n ¼ 117)
Characteristic Value
Birth weight (g)
Median 3205
Range 940–4300
5-min Apgar score
Median 9
Range 7–10
Male gender (n) 66 (56)
Premature birth (n) 9 (8)
Emergency cesarean section (n) 23 (20)
Prenatal diagnosis of CHD (n) 6 (5)
Family history of CHD (n) 38 (32)
CHD type (n)
Noncyanotic 67 (57)
Atrial septal defect, ventricular septal defect 46
Aortic stenosis 9
Aortic coarctation 4
Cor triatriatum 2
Shone complex 2
Pulmonary stenosis 2
Coronary fistula 1
Mitral valve stenosis 1
Cyanotic 50 (43)
Tetralogy of Fallot 14
Transposition of the great arteries 12
Pulmonary atresia 8
Double inlet left ventricle 8
Total anomalous pulmonary venous connection 3
Tricuspid atresia 2
Atrioventricular canal 2
Truncus arteriosus 1
Data in parentheses are percentages. CHD, Congenital heart disease.
Abbreviations and Acronyms
CHD ¼ congenital heart disease
ZNA ¼ Zurich Neuromotor Assessment
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DChildren’s Hospital of Zurich from 1995 to 1998, and who spoke sufficient
German to complete the questionnaires (n ¼ 200). Patients with chromo-
somal abnormalities (n ¼ 31) or genetic syndromes (n ¼ 12), and patients
with neurologic comorbidities not associated with heart disease or surgery
(1 each congenital rubella and neurofibromatosis) were excluded. Screen-
ing for genetic comorbidities was performed by an experienced pediatric
attending physician (B.L.) using a standardized checklist for syndromal
stigmata or malformations. A total of 155 children were eligible. Three
families were lost to follow-up, and 32 families refused to participate, 5 be-
cause of the severe mental disabilities of their child. Three CHD patients
could not be tested because their severe motor or mental disabilities did
not allow a standardized assessment. The final sample therefore comprised
117 children (response rate, 75.4%) whowere assessed from October 2004
to July 2006. Children lost to follow-up did not differ from the study group
regarding age at surgery (P¼ .40), gender (P¼ .67), socioeconomic status
(P ¼ .13), diagnosis of cyanotic CHD (P ¼ .54), age at first surgery
(P ¼ .36), number of operations (P ¼ .70), duration of cardiopulmonary
bypass (P ¼ .30), or length of hospital stay (P ¼ .36). The cardiac diagno-
ses are listed in Table 1. None of the participating adolescents had a history
of birth asphyxia or extreme immature birth. Only 1 child was born with
a birth weight of 940 g, with an uncomplicated postnatal course; all others
had a birth weight greater than 1500 g.
The Ethics Committee of the University Children’s Hospital Zurich
approved the present study. The parents were informed about the study
and provided written informed consent.
Procedure and Risk Factors
The patients underwent surgery using a uniform intention-to-treat strat-
egy involving a cardiopulmonary bypass flow of 150 mL/kg/min, with an
a-stat pH strategy during hypothermia. Circulatory arrest was avoided
when possible, except for the period required to close the atrial septal de-
fect (occurred in 10 patients, median, 6 minutes; range, 3–27). Hemoglobin
was maintained at 8 to 9 g/dL during cardiopulmonary bypass, and fresh
heparinized (noncitrated) blood was used in the cardiopulmonary bypass
circuit prime. We also used precardiopulmonary bypass blockade with
phenoxybenzamine and a single dose of methylprednisolone in the priming
solution. Cardiopulmonary bypass was exclusively established with aortic
and right atrial cannulation.
A large number of potential risk factors were retrieved from the
patients’ records and parental interviews to determine their association
with outcome. Theses included birth, cardiac, and peri- and intraoperative
variables (Tables 1 and 2). All patients were neurologically assessed after
surgery by the house officer in charge. Electroencephalographic (EEG) re-
cordings were performed if clinically indicated. The socioeconomic status
was calculated using a 6-point scale of both paternal occupation and
maternal education and ranged from 2 (lowest) to 12 (highest).10 This is
a validated socioeconomic status classification in Switzerland.11 The
median socioeconomic status was 8 (range, 2–12).
Neurodevelopmental Outcome Assessment
The neurodevelopmental assessment was performed at the Child Devel-
opment Center. General intelligence was tested using the Raven Progres-
sive Matrices.12 This nonverbal intelligence test assesses abstract
reasoning and analytical intelligence and corresponds better to perfor-
mance than the verbal intelligence quotient (IQ) test.13 The reference
values were based on the German norm. A standardized neurologic exam-
ination was performed and classified according to severity, ranging from578 The Journal of Thoracic and Cardiovascular Surgmild to severe (mild, abnormalities in muscle tone or tendon reflexes; mod-
erate, abnormalities in tone and stretch reflexes but without cerebral palsy;
and severe, cerebral palsy).14 Cerebral palsy was classified according to the
European guidelines.14 The reference values for the prevalence of cerebral
palsy were determined from recently published rates in Europe.15
Neuromotor performance was examined using the Zurich Neuromotor
Assessment (ZNA). The ZNA is a standardized procedure for assessing
specific motor tasks in regard to the speed (timed performance) and quality
of movement.16 Test–retest, and interobserver and intraobserver reliability
have been established, and gender- and age-related normative values (per-
centiles) are available.17 The battery of tests includes the assessment of
pure motor tasks (repetitive, alternating, and sequential movements), adap-
tive fine (pegboard), and adaptive gross (dynamic balance) motor tasks,
static balance, and stress gaits. Some motor tasks (static and dynamic
balance) present increasing difficulties in performance, depending on the
child’s age. The child’s performance was videotaped. The motor perfor-
mance was timed with a stopwatch, and this timed performance was then
summarized into standard components: pure motor tasks and adaptive
fine motor, adaptive gross motor, and static balance components. Of the
12 children with cerebral palsy, 9 could be assessed using the ZNA.
The Raven’s Progressive Matrices and ZNA was administered by
1 trained study nurse, and the neurologic andmedical examination was per-
formed by 1 developmental pediatrician (B.L.). Both were unaware of the
severity of CHD and the clinical course. Educational career and support
and rehabilitation services were documented by completing standardized
interview questionnaires.ery c September 2012
TABLE 2. Perioperative characteristics of sample (n ¼ 117)
Variable Value
Age at first surgery (y)
Median 1.1
Range 0–8.7
Weight at surgery (kg)
Median 8.9
Range 2.2–27.3
Lowest preoperative oxygen saturation (%)
Median 90.0
Range 48–100
Duration of extracardial circulation (min)
Median 92.0
Range 27–206
Duration of aortic crossclamping (min)
Median 41.0
Range 6–117
Minimal intraoperative temperature (C)
Median 26.0
Range 16–37
Minimal postoperative pH
Median 7.33
Range 7.08–7.44
Length of stay in intensive care unit (d)
Median 6
Range 1–95
Length of hospital stay (d)
Median 15
Range 6–129
Total number of surgical operations
Median 1.3
Range 1–4
More than 1 surgery (n) 23 (20)
Preoperative cardiac insufficiency (n) 45 (38)
Cardiac arrest (n) 10 (9)
Open thorax after surgery (n) 16 (14)
Postoperative complications (n)
Arrhythmia 33 (28)
Reintubation 11 (10)
Resuscitation 9 (8)
Postoperative EEG anomalies or focal
neurologic symptoms (n)
19 (16)
For patients with multiple operations, duration of extracardial circulation and aortic
crossclamping reflected total times for all operations; lowest preoperative oxygen
saturation, minimal intraoperative temperature, and postoperative pH represent
lowest values for all operations. Data in parentheses are percentages. EEG,
Electroencephalographic.
TABLE 3. Neurodevelopmental outcome for children with CHD
(n ¼ 117)
Intelligence Patients
Normal
value* P value
RPM standard score
Mean, SD 89.4 (16.2) 100 (15) <.001
<85,% (n) 35 (41) 15.8 <.001
<70,% (n) 6 (7) 2.2 <.001
ZNA
Pure motor<p10 18 (15) 10 <.001
Adaptive fine motor<p10 20 (17) 10 <.001
Adaptive gross motor<p10 24 (21) 10 <.001
Static balance<p10 23 (20) 10 <.001
Cerebral palsy 12 (10) 0.01% <.001
Statistics: 1-sided t test and chi-square tests compared with norm. CHD, Congenital
heart disease; RPM, Raven’s ProgressiveMatrices; SD, standard deviation; ZNA, Zur-
ich Neuromotor Assessment. *References values are based on the distribution of stan-
dard scores in the standardization samples12,16 and on literature on the prevalence of
cerebral palsy15; scores<85 or<70 for IQ and<10th percentile for motor perfor-
mance are given only in percentages.
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The data were analyzed using Statistical Package for Social Sciences,
statistics software, version 19 (SPSS, Stanford, Calif). Univariate analyses
were conducted using the Spearman correlation test to determine the pre-
dictors associated with the outcomes and to verify co-linearity among vari-
ables. A stepwise linear (for continuous outcome variables) or logistic (for
dichotomous outcome variables) regression analysis was then conducted,
including variables that correlated with 1 of the outcome variables on uni-
variate analysis with P<.05. Because of the rather small sample size, we
used a second model in which we included a choice of variables that had
been reported to be risk factors for adverse outcomes in publishedThe Journal of Thoracic and Castudies,5,18,19 although they had not correlated with the outcomes in our
univariate analysis: cyanotic CHD, preoperative blood oxygen saturation,
postoperative arrhythmias, and postoperative resuscitation.
The study sponsors are independent foundations, dedicated to support-
ing clinical research. No sponsor had influence on the study design, the col-
lection, analysis, and interpretation of data, or the writing of the report and
the decision to submit it for publication.RESULTS
The mean patient age at assessment was 10.4 2.5 years
(range, 6.5–16.8). The patient characteristics and CHD dis-
tribution are listed in Table 1 and the perioperative variables
in Table 2. Nine children were born prematurely; however,
none was born before 32 weeks of gestation, and no child
had a history of birth asphyxia. At surgery, 45% of patients
were younger than 1 year. We observed deficits in intellec-
tual and neuromotor outcome (Table 3). These problems
corresponded to the need for educational support: 23% of
the patients with CHD were enrolled in a 2-year, first grade
program, 13% required special education, and 27% re-
quired speech and language therapy. Children who needed
extra support had lower Raven’s Progressive Matrices
scores than patients without. Children with neurologic ab-
normalities or poor neuromotor performance (less than
P10) were more likely to receive educational support (all
P < .05). Cerebral palsy was diagnosed in 12 patients
(10%), 37 patients (32%) had moderate neurologic abnor-
malities, and 19 patients (16%) had mild neurologic abnor-
malities. Of the 12 patients with cerebral palsy, 8 had
a history of early postoperative complications, and only
2 participants without neurologic abnormalities at the as-
sessment experienced postoperative complications. Of the
114 children who could be examined with the ZNA (9
with cerebral palsy), 15% to 21% performed less than the
10th percentile on the timed motor components (Table 3).rdiovascular Surgery c Volume 144, Number 3 579
FIGURE 1. Neuromotor outcome assessed with Zurich Neuromotor
Assessment (ZNA). Boxes represent the mean z-score for each motor com-
ponent. The line at the 0 y axis depicts the age-corrected norm of 0; the
P value was derived from 1-sample t tests compared with normal values
(n¼ 95; excluding childrenwith cerebral palsy). *P<.01, **P<.001; error
bar, 95% confidence interval.
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ences remained significant for the pure motor and static
balance components (Figure 1). The z-scores ranged about
one half standard deviation below the normal mean.
Accordingly, a high rate of supportive motor therapies
was reported: 34% physical therapy and 13% occupational
therapy.
The patient characteristics and perioperative variables
were related to the outcomes on univariate analysis. A lower
Raven’s Progressive Matrices standard score correlated
with lower socioeconomic status, lower weight, and youn-
ger age at surgery (all P<.01). Poor motor function was as-
sociated with a greater number of bypass surgeries, lower
weight at surgery, lower age at surgery (all P<.01), extra-
corporeal circulation time (P<.05), need for postoperative
resuscitation (P¼ .001), and postoperative focal neurologic
signs or EEG changes (P<.001). The neurologic abnormal-
ities at the follow-up examination correlated with lower
weight at admission for surgery (P<.05), length of hospital
stay (P<.001), and postoperative focal neurologic signs or
EEG changes (P<.001). Prematurity was not related to ad-
verse outcomes in our sample. These variables were then
entered into a multiple linear regression analysis to deter-
mine their independent affect for each outcome. The best
predictivemodel (ie, greatest percentage variance explained
by the combination of independent variables in the model)
for each outcome variable is presented in Table 4. The intel-
lectual outcome was only related to the socioeconomic sta-
tus. Neuromotor performance was related to postoperative
neurologic signs or EEG changes. Poorer performance in
the pure motor component and the adaptive fine motor580 The Journal of Thoracic and Cardiovascular Surgcomponent was related to a longer length of stay in the hos-
pital. The only surgical parameter that correlated with the
outcome was the duration of extracorporeal circulation
time, which correlated only with the adaptive fine motor
component. The explained variance of outcome ranged
from 4% to 19%, depending on the outcome variable
(Table 4).
In the multiple logistic regression analysis, the presence
of cerebral palsy was the only outcome variable that was in-
dependently related to postoperative neurologic signs or
EEG changes (odds ratio, 17.7; 95% confidence interval,
2.4–129.7; P ¼ .005). Nonmodifiable variables, such as
gender, birth weight, Apgar scores, and type of CHD,
were not associated with the neurodevelopmental outcomes
(data not shown).
In a second set of analyses, we also included the variables
cyanotic CHD, preoperative blood oxygen saturation, post-
operative arrhythmias, and postoperative resuscitation.
These variables have been identified as risk factors for
adverse neurodevelopmental outcomes in published stud-
ies5,18,19 but did not significantly correlate with the
outcomes in our univariate analysis. None of these
variables related significantly to any outcome variable on
logistic regression analysis (data not shown).
DISCUSSION
In the present study, we assessed the long-term outcomes
and potential risk factors in children who had undergone
open heart surgery with full-flow cardiopulmonary bypass
and who did not have an identified underlying genetic co-
morbidity. Very few studies of patients with CHD followed
up to school age or adolescence have been published,4,5,20
with only 1 focusing on 8-year-old patients with CHD
who underwent surgery with full-flow cardiopulmonary by-
pass.4 Our study highlights the persistence of developmen-
tal problems well into school age. We found that patients
with CHD manifested significant intellectual and neuromo-
tor deficits at 10 years of age, affecting school performance
and daily routine.
We assessed cognitive function using the Raven’s Pro-
gressive Matrices, a nonverbal intelligence test scoring
general intelligence and abstract reasoning. The mean Ra-
ven’s Progressive Matrices score was 89. The Raven’s Pro-
gressive Matrices intelligence test correlates better with
performance than with verbal intelligence.13 Thus, our
findings corresponded well with the reported degree of im-
pairment on the performance IQ,7,20,21 and to previous
studies in younger children in whom the mean IQ scores
were in the low normal range.1,22,23 Studies have
demonstrated that the performance IQ is lower than the
verbal IQ in patients with CHD.4,5 We also found that
motor performance was significantly affected, even when
the children with cerebral palsy were excluded. The
average motor performance of the total cohort was in theery c September 2012
TABLE 4. Factors related to adverse neurodevelopmental outcome in children with CHD
Outcome measure Predictor variables P value (model) r2 (% variance) Parameter estimate P value (variable)
RPM standard score .006 7
Socioeconomic status 2.0 .006
ZNA pure motor .027 4
Length of hospital stay 0.02 .03
ZNA adaptive fine motor <.001 19
Length of hospital stay 0.03 .005
Postoperative neurologic signs 1.3 .008
Extracorporeal circulation time 0.007 .05
ZNA adaptive gross motor <.001 15
Postoperative neurologic signs 2.4 <.001
ZNA static balance .013 17
Postoperative neurologic signs 1.2 <.001
Statistics: stepwise linear regression, including the following variables: socioeconomic status, number of surgeries, extracorporeal circulation time, postoperative neurologic signs
(including postoperative electroencephalographic anomalies or focal neurologic symptoms), age at first surgery, resuscitation after surgery, intensive care unit stay, cyanotic CHD,
hospital length of stay. CHD, Congenital heart disease; RPM, Raven’s Progressive Matrices; ZNA, Zurich Neuromotor Assessment.
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a greater proportion of children performing at less than
the 10th percentile than in the normal population. These
findings are in line with the results from Karl and col-
leagues,4 who reported that manual dexterity and static bal-
ance were particularly affected in 8-year-old children with
corrected transposition of the great arteries. Mild neuro-
logic abnormalities were noted in nearly 50% of our pa-
tients with CHD, highlighting that such findings known
from younger patients with CHD18 persist into school
age and early adolescence. Because our cohort was com-
posed of ‘‘low-risk’’ patients with less complex surgical
procedures, the poor neurodevelopmental outcome is
a somewhat unexpected finding, emphasizing the need
for standardized follow-up and early intervention for all
children undergoing open heart surgery for CHD. In con-
trast to most other studies, the children in our cohort under-
went their first open heart surgery relatively late in their
development, at a mean age of 1.1 years instead of in the
first days or weeks of life. Although the heart defects of
our patients were less severe than the those of currently op-
erated children, we found comparable rates of neurodeve-
lopmental impairments as did other groups.4,9,18,21,24
This might have been because of the less advanced
perioperative and intraoperative care, which has
progressed dramatically in recent years.23,24 Furthermore,
in our study, neither the type of heart defect (cyanotic or
acyanotic) nor the age at surgery, number of surgeries, or
perioperative variables had a significant effect on the
severity of deficits. This is in line with previous studies
that also showed little effect of CHD severity on the
outcomes.4,23-25 Our findings support the hypothesis that
CHD might involve an increased vulnerability of the brain
and cerebral perfusion alterations before birth. Apparently,
clinical risk factors play a minor role in the occurrence
of adverse neurodevelopmental outcomes in the absence
of a complicated clinical course or intraoperative events.The Journal of Thoracic and CaTherefore, the duration of hospital stay relating to the
complexity of the heart defect and the associated
complications is a stronger predictor of adverse outcomes.26
Interestingly, the variables in our regression models
explained 4% to 19% of the variance in outcome. This is
analogous to previous studies reporting the outcomes for
younger patients3-5 or with specific CHD diagnoses.27 In
contrast, Majnemer and colleagues25 found that the type
of CHD, duration of deep hypothermic circulatory arrest,
and maternal education explained 42% of the variance in
the performance IQ in a similar sample of children. Onema-
jor difference between their study and ours was the use of
a full-flow procedure in our population instead of the
deep hypothermic circulatory arrest procedure in the study
by Majnemer and colleagues.25 The use of a full-flow pro-
cedure might have reduced the influence of surgery-
associated risk factors in our study. This idea is supported
by results from the study by Karl and colleagues4 in a cohort
of children with transposition of the great arteries who also
underwent surgery solely with full-flow cardiopulmonary
bypass surgical support. In their study, the variance in the
best predictive model was 13%, comparable to our results.
One additional difference between our findings and the
studies of children5,21,23,25,27-29 predominantly treated
using low-flow or circulatory arrest techniques or deep hy-
pothermic cardiac arrest was the association of variables
such as the perfusion time, gender, birth weight, and Apgar
scores with neurodevelopmental outcome, which, in con-
trast, we could not confirm in our study. This difference
might have resulted from the inclusion of infants with
more severe types of CHD in the cited studies, in which ad-
ditional factors, such as postnatal acute depression, might
have been independent risk factors for adverse outcomes.
The amount of diuresis on the third postoperative day after
surgery has been described as another predictor of IQ by
Sarajuuri and colleagues.29 We did not systematically
assess this parameter in our cohort.rdiovascular Surgery c Volume 144, Number 3 581
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perioperative variables might indicate that motor function
is more susceptible to neurologic injury during or after sur-
gical repair. In contrast, cognitive abilities reflect global
brain function and might be more determined by genetic
or environmental factors. This is supported by the finding
that socioeconomic status was related to intellectual out-
come in our, and previous, studies of this population.4,5
The prevalence of cerebral palsy in our study population
was 10%. This is comparable to the prevalence described in
other studies.21,29 The association between later cerebral
palsy and early postoperative neurologic complications
detected in our study indicates that in these cases the
neurologic event during the postoperative phase was most
likely due to perioperative cerebral injury. This highlights
the importance of cerebral imaging studies in patients with
postoperative neurologic events.
In our study, the long-term neurodevelopmental outcomes
were only weakly related to modifiable surgery-related vari-
ables andmore strongly related to nonmodifiable patient and
diseasevariables. The absence of an effect of surgery-related
factors could be interpreted as an indicator of a relatively
high standard of care that minimized the potentially harmful
effects of the surgical procedures. One unanswered question
remains which of the bypass techniques, low-flow, full-flow,
or selective cerebral perfusion, can best protect our patients
from brain damage and neurodevelopmental deficits. In
addition, modifiable risk factors need to be identified to im-
prove patient outcomes. In our study, the duration of hospital
stay and postoperative neurologic signs were related to the
motor outcome. These risk factors should be targeted by op-
timizing intensive care management and postoperative care.
Study Limitations
The present study had several limitations. The cohort stud-
ied underwent surgery in the mid- to late 1990s at a single
center. In contrast to recent developments, surgery was per-
formed in early childhood, and rate of postoperative neuro-
logic complications was rather high. Furthermore, children
with hypoplastic left heart syndrome did not undergo surgery
at our institution at that time; thus, children with the most se-
vere form of CHD with the greatest risk of adverse out-
comes21,23 were not included in our study. In addition,
owing to the wide variety of included types of CHD, we
were unable to define the outcomes for a particular heart
defect. The lack of an association between CHD severity
and outcome could also have resulted from the rather small
sample size of our cohort. Furthermore, neither cerebral
magnetic resonance imaging nor continuous EEG
recordings were routinely performed, and this might have
led to an underestimation of the true prevalence of cerebral
injury. Five children of the 17 families who refused to
participate had severe mental disabilities. Furthermore,
cognitive function was assessed using Raven’s Progressive582 The Journal of Thoracic and Cardiovascular SurgMatrices, a nonverbal intelligence test. It has been shown
that Raven’s Progressive Matrices Intelligence test correlates
better with performance, than with verbal, intelligence.13
We thus might have overrated the intellectual level of these
children by not assessing their verbal intelligence. Despite
this selection bias, our results revealed considerable long-
term deficits for children with CHD. Furthermore, we could
not rule out that some of the participating patients with
CHDmight have had an unidentified genetic comorbidity be-
cause no systematic genetic workup was performed.
CONCLUSIONS
Children with CHD undergoing heart surgery with full-
flow cardiopulmonary bypass are at risk of long-term intel-
lectual and neuromotor impairments. In the present cohort,
intellectual outcome was only related to socioeconomic
status, but late neuromotor performance was related to the
occurrence of early postoperative neurologic complica-
tions. Overall, modifiable, surgery-related factors played
aminor role in the occurrence of adverse neurodevelopmen-
tal outcomes. The combination of intellectual and neuromo-
tor deficits significantly affects educational perspectives
and results in a high rate of educational support and
therapies. Therefore, our findings stress the importance of
routine follow-up assessment in specialized centers for chil-
dren with all types of CHD who undergo cardiopulmonary
bypass to provide early appropriate therapeutic intervention
and parental guidance.
We thank Bigna Hertsch for conducting the study and the chil-
dren and parents of the study for their participation.
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